Abstract. The objectives of this study were to estimate energy and carbon intensities of natural gas combined-cycle power plants and to improve the energy efficiency of power plants through an exergy analysis. Three plants in Thailand were evaluated as case studies in this research using data collected in 2013 -2014. The results showed that the average carbon and energy intensities of three Combined-Cycle Power Plants were 0.436 kg CO2/kWh and 7.995 GJ/MWh, respectively. The range of the energy intensity in this study was slightly lower than that of other studies; however, the results of the carbon intensity were in the same range. The result of the exergy analysis illustrated that Heat Recovery Steam generator (HRSG) has the greatest exergy destruction due to the wide temperature range. To summarize, natural gas combined-cycle power plants require less energy and emit less carbon compared to other technologies or fuels. The exergy efficiency of HRSG was 60%, with an exergy destruction rate of 66.88 MW. One approach to improve the efficiency of power plants is to improve the efficiency and performance of HRSG.
Introduction
Global warming, which is caused by increasing greenhouse gas emissions, is mainly the result of human activities. Scientific studies have found that greenhouse gas emissions have increased abruptly over the last few decades. Increasing attention has been paid to finding methods for reducing greenhouse gas emissions. In Thailand, for example, policies related to climate change have been established, such as the climate change model scheme of 2015-2050; its main target is to reduce energy consumption and greenhouse gas emissions, mainly in the energy and transportation sectors [1] . The sector that accounts for the highest emissions in Thailand is the energy sector, with 69.6% of the total emissions in 2000. Within the energy sector, the energy industry has contributed the greatest amount of greenhouse gas emissions (approximately 41.7%) [2] . Furthermore, in 2014, according to the report of the Energy Policy and Planning Office, Ministry of Energy of Thailand, the electricity generation industry accounted for the highest emissions (40.1%) of the total energy sector emissions [3] . The indicators commonly used in many industries for evaluating the energy efficiency and environmental impact in terms of greenhouse gas emissions of plant operations are energy intensity and carbon intensity, respectively. Studies and reports have been conducted regarding the energy and carbon intensities in various industries, including the steel [4, 5] , petrochemical [6] , and electrical generation [7] [8] [9] industries.
Approximately 80% of electricity generation in Thailand currently depends on fossil fuels, which includes electricity generated from Combined-Cycle Power Plants (CCPPs) and thermal power plants, which account for 64.85% and 13.36% of the total installed capacity, respectively [10] . The CCPP is an energy efficient form of power generation that applies both Brayton (gas turbine) and Rankine (steam turbine) cycles to obtain higher thermal efficiency in comparison with individual steam or gas turbine cycles [11] . The gas-fired generation in California improved thermal efficiency more than 17% during 2001-2013 by introducing new CCPPs to the portfolio of natural gas power plants [12] . The analysis of carbon intensity of the electricity generation industry (fossil fuel power plants) in Thailand during 2004 -2009 showed that CCPPs yielded the lowest carbon intensity of 0.426 kgCO 2 /kWh compared to using other technologies or fuels [7] . The analysis of energy intensity in 2014 also presented consistent results in that natural gas CCPPs had the lowest energy intensity of 7.970 GJ/MWh, whereas coal thermal power plants had the value of 10.48GJ/MWh [9] . In the U.S.A., the average carbon intensity of coal power plants, natural gas power plants and natural gas CCPPs were 0.915 ± 0.0008, 0.5494 ± 0.0011 and 0.436 ± 0.0014 kgCO 2 /kWh, respectively [8] , which is in line with the results in Thailand. Due to the higher thermal efficiency and lower environmental impact than other 1 types of fossil fuel power plants, CCPPs are attractive in the power generation field. Energy use improvement can contribute in both energy and environmental aspects.
An exergy analysis is a potential tool for the energy efficiency improvement of many energy engineering applications [13] . Exergy is the maximum work or available work that can be obtained from different forms of energy in relation to a given environment [14] . Exergy analysis applies the first and second laws of thermodynamics to determine the maximum performance of the system and identify the main plant component of exergy destruction to determine potential performance improvement opportunities of power plants. Studies regarding the application of exergy analysis have been conducted to determine energy efficiency improvement potential. I. H. Aljindi performed energy and exergy analyses of a steam power plant in Jordan. The system components include boiler pump heaters, turbines and condensers. The study revealed that the maximum exergy destruction occurred in the boiler system, followed by the turbine and the forced draft fan condenser at 77%, 13%, and 9%, respectively. The exergy destruction in a boiler system can be reduced by preheating the combustion air and reducing the air-fuel ratio [15] . S. C. Kamate et al. applied the exergy method to analyze the optimal steam inlet condition for the turbine in a cogeneration power plant [16] . R. Saidur et al. performed energy and exergy analyses of industrial boilers in Malysia and found that the combustion chamber is the major contributor for exergy destruction, followed by the heat exchanger [17] . An energy analysis of gas turbines with an air bottoming cycle was conducted by M. Ghazikhani et al. The result showed that the regenerator has the largest contribution in the exergy destruction of the air bottoming cycle, and the recovery of the exhaust exergy can increase the cycle performance [18] . The exergy and greenhouse gas emissions analyses of an integrated Organic Rankine Cycle (ORC) with a biomass combustor for different cases of operation was performed by F. A. Al-Sulaiman et al. The result showed that 1) the main two sources of exergy destruction were the biomass combustor and the ORC evaporator, and 2) the tri-generation (power, heat, and cooling) case can increase the exergy efficiency and, consequently, considerably reduce the carbon intensity [19] .
For CCPPs, the exergo-environmental optimization of the Heat Recovery Steam Generator (HRSG), which is an important component and connection between the gas turbine and steam turbine cycles of a CCPP, was estimated through energy and exergy analyses. The results showed that for the given HRSG, most exergy destruction occurred in the high-pressure evaporator, and increasing the HRSG inlet gas temperature up to 650°C could increase the thermal and exergy efficiencies of the cycles [20] .
In this study, the energy and carbon intensities of natural gas CCPPs in Thailand were analyzed. The results were compared to other studies. Moreover, exergy analysis of the plant components, including the HRSG and steam turbines, was conducted to analyze the energy improvement potential.
Methodology
To evaluate the energy and carbon intensity, the data of three natural gas CCPPs during 2013 -2014 were collected and calculated. The energy intensity was calculated based on the data of energy used in the sample power plants, and the carbon intensity was calculated based on the IPCC guidelines for national greenhouse gas inventories [21] . The scope of emissions in this research includes direct (scope 1) and indirect (scope 2) emission sources. Moreover, the data of the processes in the plant analysis were also collected to perform the exergy analysis.
Three sample CCPPs with a total capacity of 1,648 MW (1,468 MW, 90 MW and 90 MW) were considered in this research. The evaluation indicators and calculation methodology are detailed in the following section.
Energy Intensity
The energy intensity is the total energy consumption per unit of energy generated. Energy intensity can be expressed as follows:
where ‫ܫܧ‬ is the energy intensity (GJ/MWh), ‫ܥܧ‬ is the total energy consumption (GJ), and ܲ is the total power generated (MWh).
The total energy consumption is defined as a product of activity and net calorific values. The activity data include the amount of fuel consumed and the amounts of purchased electricity and steam. EC can be calculated as follows:
where ‫ܦܣ‬ is the activity data (unit), and ‫ܸܥܰ‬ is the net calorific value (GJ/unit of activity).
Carbon Intensity
This research considered two sources of carbon dioxide emissions that were mentioned above. The emissions (E CO2 ) can be expressed by the product of activity and the carbon dioxide emission factor as follows:
where ‫ܦܣ‬ is the activity, and ‫ܨܧ‬ is the carbon dioxide emission factor (kgCO 2 /unit of activity). The activity data include the amount of fuel consumed in the case of direct emissions as well as the amount of purchased electricity and steam in the case of indirect emissions. The total carbon dioxide emission is defined by direct and indirect carbon dioxide emissions as follows:
where ‫ܧ‬ ை మ,ೌ is the total carbon dioxide emission (kgCO 2 ), ‫ܧ‬ ଶ,ௗ௧ is the direct carbon dioxide emission caused by fossil fuel combustion in the plants, and ‫ܧ‬ ைଶ,ௗ௧ is the indirect carbon dioxide emission caused by using electricity and steam from outside the plants.
The carbon intensity is the carbon emission per unit of electricity generated. It can be expressed as the following equation:
where ‫ܫܥ‬ is the carbon intensity (kgCO 2 /kWh), ‫ܧ‬ ை మ,ೌ is the total carbon dioxide emissions, and ܲ is the total electricity generated.
Exergy Analysis
An exergy analysis is a potential tool in the analysis of design and performance improvement of power plants. The exergy balance equation for a control volume system can be presented as follows:
where ‫ݔܧ‬ ொ is the exergy of the heat transfer rate (kJ/s), ‫ݔܧ‬ ௐ is the exergy rate of work (kJ/s), ‫ݔܧ‬ is the exergy destruction rate (kJ/s), ‫ݔ݁‬ is the specific exergy (kJ/kg), ݉̇is the mass flow rate (kg/s), ℎ is the specific enthalpy (kJ/kg), ‫ݏ‬ is the specific entropy(kJ/kg), ܶ is temperature (K), ݅ is the inlet, ݁ is the outlet, and 0 is the ambient condition.
The reference conditions used in this study were ܲ = 1.01 bar and ܶ = 298.15 K. Figure 1 presents the schematic diagram of the sample CCPP. The combined cycle facility consists of one gas turbine (GT), combustion chamber (CC), air compressor (AC), HRSG, gas GT air cooler condenser and cooling tower, two generators(Gs) and three steam turbines (STs). In this research, the exergy analysis was performed with the HRSG, high pressure steam turbine (HP ST), intermediate pressure steam turbine (IP ST) and low pressure steam turbine (LP ST).
Heat recovery steam generator (HRSG)
The exergy destruction rate of the HRSG (Eẋ ୈ,ୌୖୗୋ ) can be calculated as follows:
where ‫ݔ̇ܧ‬ ,ுோௌீ is the exergy destruction rate (kW), ∑ ‫ݔܧ‬ ுோௌீ, is the total exergy inflow rate (kW), and ∑ ‫ݔܧ‬ ுோௌீ, is the total exergy outflow rate (kW). The exergy efficiency of the HRSG (߰ ுோௌீ )can be calculated as follows:
where ‫ݔܧ‬ ுோௌீ is the exergy rate of the HRSG (kW), ‫ݔܧ‬ ு మ ை, is the exergy rate of water or steam (kW), and ‫ݔܧ‬ is the exergy rate of gas (kW). The subscript ݅ refers to the inlet and ݁ refers to the outlet.
Steam turbine (ST)
The exergy destruction rate of ST ( ‫ݔ̇ܧ‬ ,ௌ் ) can be calculated as follows:
The exergy efficiency of ST (߰ ௌ் ) is as follows:
where ∑ ‫ݔܧ‬ ௌ், is the total exergy inflow rate of steam into the ST(kW), ∑ ‫ݔܧ‬ ௌ், is the total exergy outflow rate of steam from the ST (kW), and ܹ̇ௌ ் is thework obtained from the ST (kW). According to equations 8 to 11, the exergy destruction and exergy efficiency of the HRSG and each ST can be calculated by the equations in Table 1 . The subscript numbers in the equations refer to the schematic diagram in Figure 1 . 
3 Result and Discussion
Energy Intensity
The average energy intensity of the three sample CCPPs are illustrated in Figure 2 . The result showed an overall average energy intensity of 7.995 GJ/MWh. The major source of energy consumption was the natural gas combustion process, which was equal to 99.97% and 99.80% of the total energy consumption in 2013 and 2014, respectively. Compared with other research on energy intensity for combined cycles with natural gas fuel, it was observed that the energy intensity of this study was slightly lower than the other research [9, 12] , as shown in Table 2 .
Carbon Intensity
The carbon intensity of three sample CCPPs was evaluated, and the results of 2013 and 2014 are demonstrated in Figure 2 . The average carbon intensity was 0.436 kgCO 2 /kWh. The major source of carbon emissions was the natural gas combustion process, which accounted for 99.67% and 99.55% in 2013 and 2014, respectively. Compared with other research on carbon intensity for combined cycles with natural gas fuel, it was observed that the carbon intensity of this study was in the same range as other research [7] [8] , as shown in Table 2 .
A comparison of energy intensity and carbon intensity of natural gas CCPPs in this research with the values of other technologies and fuel types from other research studies is shown in Table 2 [7] [8] [9] 12] . The result illustrates that the CCPPs in this study were operated with relatively high energy efficiencies to present. However, the reduction potential in terms of energy and carbon intensity can be assessed by determining the energy efficiency improvement potential through exergy analysis. The exergy destruction and efficiency of the HRSG and three steam turbines were analyzed by the equations in Table 1 using the reference pressure and temperature of 1.01 bar and 298.15 K, respectively. The results are shown in Figure 3 . The result revealed that the HRSG was the major contributor for exergy destruction, followed by the LP ST, IP ST, and HP ST, with values of 66.88 MW, 12.33 MW, 5.94 MW, and 1.88 MW, respectively. In addition, the HP ST had the highest exergy efficiency, followed by the IP ST, LP ST and HRSG, with values of 97%, 94%, 91%, and 60%, respectively. This indicates that the HRSG has more energy efficiency improvement potential than the steam turbines. The steam turbines had a high exergy efficiency of more than 90%, which suggests that the loss of available energy is less than 10%. However, the loss of available energy in the HRSG was approximately 40% of the total inflow available energy (exergy). One approach that can be used to improve the thermal and exergy efficiencies of HRSG is to increase the HRSG inlet gas temperature [20] . The improvement of performance of this cycle will consequently reduce the energy and carbon intensities.
Exergy Analysis

Conclusion and recommendation
Natural gas combined-cycle power plants provide the lowest carbon and energy intensities compared to other technologies and other types of fossil fuels. This research aimed to evaluate the energy and carbon intensities of natural gas combined-cycle power plants and to determine the potential to reduce energy and carbon intensity. According to our findings, the average energy and carbon intensities of combine-cycle power plants in Thailand were 7.995 GJ/MWh and 0.436 kg CO 2 /kWh, respectively. The potential of carbon intensity and energy intensity reduction was determined by an exergy analysis. The results of the exergy analysis revealed that the HRSG had the greatest exergy destruction contribution due to the wide range of temperature, followed by the LP ST and IP ST, whereas the HP ST produced the lowest exergy destruction. In addition, the HP ST had the highest exergy efficiency, followed by the IP ST, LP ST and HRSG. The exergy destruction rate of the HRSG was 66.88 MW, with an exergy efficiency of 60%. Therefore, improving the thermal efficiency of the HRSG can improve the efficiency of power plants. One approach to improve the thermal and exergy efficiencies of the HRSG is to increase the HRSG inlet gas temperature. Improving the performance will result in lower energy use and emission reduction. 
